We ®rst demonstrated that c-Ret protein is transiently expressed mainly in the inner and outer root sheaths of hair follicles soon after birth in the skin of normal C57BL/6 and BALB/c mice. A longer-lasting expression of activated RET protein overlapped the c-Ret expression with some preferential expression in the outer root sheath in close association with increase in the number of S-100 protein-containing cells in the area and excess melanogenesis in and around hair bulbs in the skin of RFP-RET-transgenic mice on a C57BL/6 background (RFP-RET/B6). Hair follicles in the skin of the transgenic mice continuously showed histology of the anagen phase, and the recovery period for the hair of the transgenic mice after shaving was shortened. Such growth promotion was not observed in the case of white hairs of RFP-RET-transgenic mice on a BALB/c background. These results suggest that RET works to extend the anagen phase in association with upregulation of melanin production. Oncogene (2001) 20, 7536 ± 7541.
Introduction
The c-RET proto-oncogene encodes a receptor-protein tyrosine kinase (Takahashi et al., 1993) , and ligands of this kinase include glial cell-derived neurotrophic factor (GDNF) and neurturin (Buj-Bello et al., 1997; Sanicola et al., 1997) . The RET kinase is an essential signaling component required for renal organogenesis and enteric neurogenesis (Schuchardt et al., 1994) . Change in the activity of the RET kinase by point mutations or gene rearrangement is associated with the development of human carcinomas, such as multiple endocrine neoplasia and papillary thyroid carcinoma, and with the absence of intrinsic ganglion cells in the distal gastrointestinal tract (Hirschsprung disease) . Up to now, however, reported functions of the RET kinase in skin biology are very limited.
Previously, we established four transgenic mouse lines that constitutively activated RET (RFP-RET) and incidentally found that extensive skin melanosis spontaneously developed in these transgenic mouse lines (Iwamoto et al., 1991; Kato et al., 1998b Kato et al., , 1999 . This unexpected observation suggested that the RET kinase plays a role in melanin production in the skin.
It has been reported that the hair growth cycle is controlled by a number of receptor-protein tyrosine kinases (PTKs), such as epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR) and nerve growth factor receptor (NGFR) (Peus and Pittelkow, 1996; Stenn et al., 1996; Botchkarev et al., 1998; Paus and Cotsarelis, 1999) . It has also been reported that hair pigmentation, which requires c-Kit as a receptor protein tyrosine kinase (Nishikawa et al., 1991) , may be coupled to the anagen phase of the hair cycle (Slominski and Paus, 1993; Slominski et al., 1994; Ortonne and Prora, 1993) , although not all anagen phases accompany pigmentation. In black-haired skin, the termination of melanogenesis is one of the earliest signs of catagen induction, and melanogenesis is absent throughout telogen (Slominski and Paus, 1993; Slominski et al., 1994; Ortonne and Prora, 1993) . This raises a possibility that the melanin production-promoting RET somehow regulates hair growth cycle. The hair growth cycle is divided into three phases. The anagen phase is characterized by massive cell proliferation and terminal dierentiation. The catagen phase is induced with rapid involution of hair follicles and proceeds to the telogen phase of follicular quiescence that awaits the next signals for anagen (Peus and Pittelkow, 1996) . In this study, we examined the dynamics of c-Ret and activated RET expression in hair follicles in normal and RFP-RET-transgenic mice in relation to hair growth. The results demonstrate, for the ®rst time, a novel biological function of Ret tyrosine kinase as an enhancer of hair growth in association with its ability to promote melanin production.
Results
Dynamics of c-Ret expression in hair follicles of normal BALB/c and C57BL/6 mice We ®rst examined the dynamics of c-Ret protein expression in hair follicles in the skin of normal BALB/c and C57BL/6 mice during their perinatal stage by immunohistochemistry. The dynamics of cRet protein expression in the hair follicles of C57BL/6 mice was basically the same as that of BALB/c mice. Because melanin production in the hair bulbs of C57BL/6 mice, which developed in parallel with c-Ret expression, might overlap c-Ret expression, we have presented the data obtained from BALB/c mice as representative data in Figure 1 . c-Ret protein expression levels were undetectably low in the hair follicles of 16.5 ± 17.0-day-old embryos (data not shown) and 18.5 ± 19.0-day-old embryos ( Figure 1a ) and 0.0 ± 0.5-day-old newborns ( Figure 1b ) of both strains. c-Ret protein in the hair follicles became detectable at 2.0 ± 3.0 days after birth (not shown) and was maximally expressed at 4.0 ± 5.5 days after birth (Figure 1c ± e). At this stage, c-Ret was expressed highly in the inner and outer root sheaths and weakly in the matrix of the hair bulb. c-Ret protein expression in the hair follicles then decreased and was barely detectable at 7.0 ± 7.5 days after birth (Figure 1f ). These results demonstrated that c-Ret protein is strongly but transiently expressed in hair follicles of normal newborn mice just before the start of hair growth.
Expression of constitutively activated RET and its effect on melanogenesis in hair follicles of RFP-RET/ B6-transgenic mice
In the results of immunoblot analysis, the expression levels of c-Ret (170/150 kDa) in the skin (Figure 2e ), which was barely phosphorylated (Figure 2f ), did not greatly dier between transgenic and control mice. However, skin from the transgenic mice expressed not only c-Ret but also RFP-RET (96 kDa), which was tyrosine-phosphorylated (activated) and was missing in the skin of control mice (Figure 2e,f) . We next examined the overall RET (c-Ret and RFP-RET) protein expression levels in hair follicles of 4.5 ± 5.0-day-old RFP-RET/B6-transgenic mice and control littermate non-transgenic C57BL/6 mice by immunohistochemistry. It was found that the overall expression levels of RET (c-Ret+RFP-RET) proteins in the inner root sheath of transgenic ( Figure 2b ) and control ( Figure 2a ) mice were not greatly dierent. Interestingly, however, RET expression levels of outer root sheath and potentially of hair matrix (RET staining in this area could be overlaid with¯ooded melanin) in the transgenic mice were higher than those in the control mice. These areas are known to contain melanocytes and their precursors. Correspondingly, we demonstrated that the high level of RET expression in the outer root sheath of the transgenic mice accompanied excess melanogenesis in and around bulbs of hair follicles ( Figure 2b ,d, compared with Figure 2a ,c, as control). These results suggest that RFP-RET as an activated form of RET has a wider tissue distribution than c-Ret, potentially conveyed by melanocytes and their precursors that reside in the outer root sheath and matrix of hair follicles.
Kinetics of RET protein expression in hair follicles up to 5 days after birth in the transgenic mice determined by immunoblotting was basically the same as that in the control C57BL/6 and BALB/c mice. RET protein expression level in the hair follicles of the nontransgenic control 6-month-old mice was maintained at the same low level as that in the 7.0 ± 7.5-day-old mice (data not shown). However, RET protein expression was clearly observable in the hair follicles of 6-monthold RFP-RET/B6-transgenic mice (Figure 3a) , although the expression levels in the outer root sheath were lower than those in the 4.5 ± 5.0-day-old transgenic mice. The high level of RET (RFP-RET) expression in the skin of the transgenic mice but not of the littermate control mice was con®rmed by immunoblot analysis (Figure 3d ), in which RFP-RET expression dominated c-Ret expression. The prolonged RET expression in the skin of the transgenic mice accompanied a high level of staining for S-100 protein Microscopic appearance of melanocytes or their precursors stained for S-100 (b,c) and melanogenesis in and around the hair bulbs (e,f) and macroscopic appearance of the reverse side (g,h) of the 6-month-old RFP-RET/B6-transgenic mice (c,f,h) and littermate control mice (b,e,g), are also presented. All examinations were repeated for more than three transgenic and three control mice, and basically the same results were obtained. Arrows in a indicate RET-expressing hair follicles. Arrows in f indicate melanin deposition around hair bulbs. Scale bar: 80 mm in the outer root sheath (Figure 3c , compared with Figure 3b as control) and melanogenesis in and around the bulbs of the hair follicles, which were welldeveloped and had the appearance of the anagen phase (Figure 3f , compared to the hair follicles in the telogen phase in the skin of control mice shown in Figure 3e ). Corresponding to this result, the reverse side of the skin of the RFP-RET/B6-transgenic mouse was extensively black (Figure 3h ), whereas that of the control littermate C57BL/6 mouse was pale ( Figure  3g ). It has recently been reported that anagen-phase hair follicles induce darkness of the reverse side of murine skin because they are located in a deep section of the dermis with melanin production (Jindo et al., 1998) . Our results therefore suggest that constitutively activated transgenic RET kinase induces extensive melanogenesis in and around hair bulbs and elongates the anagen phase.
Evidence of hair growth promotion by activated RET kinase
Next, we arti®cially promoted the hair cycle by shaving the dorsal hairs of RFP-RET/B6-transgenic mice and control littermate C57BL/6 mice. Macroscopic appearances of transgenic (n=10) and control mice (n=10) at 0, 2 and 3 weeks after shaving are summarized in Figure  4a (top two lines). Partial recovery of hair at 2 weeks and complete recovery at 3 weeks were observed in the transgenic mice but not in the non-transgenic control mice. Histological analysis at 3 weeks after shaving revealed that melanin synthesis in and around the hair follicles of the transgenic mice (Figure 4c ) was more extensive than that of the control mice (Figure 4b) . Together with the results presented in Figures 3 and 4 , these results suggest that the hair follicles of transgenic mice quickly responded to the stimulation of shaving because they were maintained at the anagen phase.
Such promoted hair growth after shaving as observed in the RFP-RET/B6-transgenic mice was not observed in the RFP-RET/BALB-transgenic or control BALB/c mice ( Figure 4a , bottom two lines), even though the skin from the latter mice expressed RFP-RET (Figure 4d ).
c-RET expression in human hair follicles
As shown in Figure 5 , c-RET protein was also expressed in the inner and outer root sheaths of human hair follicles. This result suggests that RET tyrosine kinase activation-mediated promotion also operates on human hair growth.
Discussion
In this study, we demonstrated for the ®rst time that cRet protein began to be expressed mainly in the inner and outer root sheaths of hair follicles soon after birth, was maximally expressed at 3.0 ± 5.5 days after birth, and was then regressed along with the development of hairs in BALB/c and C57BL/6 mice ( Figure 1) . The dynamics of c-Ret expression in the hair follicles roughly corresponds to that of EGFR, which is thought to be one of the hair growth modulators and was previously reported to become localized within hair follicles by day 5 postnatally in newborn mice (Peus and Pittelkow, 1996; Hansen et al., 1997) . We also demonstrated that hair follicles of the RFP-RET/ B6-transgenic mice, which expressed activated RET for a long period of time and had prolonged melanogenesis (Figures 2 and 3) , are long maintained histologically at the anagen phase, and that hair recovery after shaving in the RFP-RET/B6-transgenic mice was much faster than that in the littermate control mice (Figure 4) . Recently, Botchkareva et al. reported that administration of glial cell line-derived neurotrophic factor (GDNF) or neurturin signi®cantly retarded hair follicle regression in organ-cultured mouse skin (Botchkareva et al., 2000) . They also reported that GDNF family receptor a-1 and a-2 knockout mice showed accelerated catagen development. Our results partially agree with their results because GDNF is a ligand of a complex of GDNF family receptors and c-RET. However, we demonstrated for the ®rst time that promotion of hair growth actually occurs in vivo by overexpression of activated RET. A number of receptor-type tyrosine kinases have been shown, by the use of techniques of production of transgenic and knockout mice, to act as regulators of hair growth (Stenn et al., 1996; Peus and Pittelkow, 1996) . In knockout mice of EGFR, curly hair, disoriented follicles and alopecia were observed (Stenn et al., 1996) . Knockout mice of IGFR had inadequate follicular morphogenesis (Stenn et al., 1996) . Transgenic mice of keratinocyte growth factor (Guo et al., 1993) and transgenic mice of TGF a (Stenn et al., 1996) showed morphological abnormality of hair follicles. With the exception of knockout mice of FGF-5, which had long hairs (Hebert et al., 1994) , all of the previously reported transgenic and knockout mice for these signal transducing molecules only displayed phenotypes of inhibition of hair growth, and there is little information on their molecular mechanisms. Together with the result showing c-RET protein expression in human hair follicles (Figure 5 ), our results suggest that RET kinase works as a unique enhancer of hair growth in humans, of which gene manipulation may be applicable for alopecia therapy.
In this study, we partially elucidated the mechanism of RET kinase-mediated hair growth promotion.
We demonstrated a drastic prolongation of the anagen phase of hair follicles in RFP-RET/B6-transgenic mice in association with prolonged expression of activated RET and accelerated melanin production in and around hair bulbs (Figures 2 and  3) . A close correlation between the anagen phase and melanogenesis has been suggested in earlier studies (Slominski and Paus, 1993) , although melanogenesis is not needed for all the anagen phase and can be an event independent to hair cycle. Few reports on hair growth factors have addressed the possible interrelation of their action for hair growth promotion to that for melanogenesis acceleration. We demonstrated in this study that there was no dierence between the recovery rates after shaving of white hairs on RFP-RET/BALB-transgenic mice and littermate control mice even though the former expressed activated RET (Figure 4 ). This ®nding suggested that the main mechanism of RET kinasemediated hair growth promotion is via acceleration of melanin production.
c-Kit tyrosine kinase has long been known as the major melanogenesis-inducing factor (Nishikawa et al., 1991) , and melanin production was shown to be virtually absent in W v /W v -mice in which skin c-Kit function is impaired due to point mutations at the murine dominant white-spotting (W) locus that encodes c-Kit (Motro et al., 1991) . We reported previously that transgenic RET induced the development of neural crest-origin melanocytes for accelerated melanin synthesis (Iwamoto et al., 1992) and that melanin-producing RFP-RET-transgenic cells actually express RET (Iwamoto et al., 1991) . Crossing W v -W v -mice with RETtransgenic mice partially rescued melanin production in the c-Kit function-impaired mice (Iwamoto et al., 1992) . Correspondingly, in the skin of 4.5 ± 5.0-dayold RFP-RET/B6-transgenic mice, RET antigen potentially enriched in activated RET (RFP-RET) was rather preferentially expressed in the outer root sheath of hair follicles (Figure 2b ) where S100-containing melanocytes and their precursors were predominantly located (Figure 3c ). It is therefore likely that activated RET co-operates c-Kit in the same melanocytic cell lineage. We found in a preliminary study that the RFP-RETtransgenic mice expressed a higher level of c-Kit in hair follicles in the skin than did the littermate control mice (Kato et al., unpublished data) . This observation suggests that the RET kinase cooperates with the cKit kinase at least in part through promoting c-Kit kinase expression. Physiologically, the RET kinase on melanocytes/melanocyte precursors may be activated by natural ligands such as GDNF, of which the expression has recently been reported on the outer root sheath and in the hair matrix during anagencatagen transition (Botchkareva et al., 2000) . The potentially dierent role of RET that is expressed in the inner root sheath, however, remains to be clari®ed.
In summary, we have demonstrated that RET plays a role as an enhancer of hair growth through a unique mechanism in association with melanin production. 
Materials and methods

Immunoblot, immunoprecipitation and immunohistochemistry
Western blotting of c-Ret (170 and 150 kDa) and RFP-RET (96 kDa) was performed according to the method described previously (Kato et al., 1998a) . The lysates (30 mg/lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS ± PAGE) and transferred to polyvinylidene di¯uoride membranes (Nihon Millipore Kogyo KK, Yonezawa, Japan). After the membranes had been reacted with the anti-Ret (reactive to both c-Ret and RFP-RET; Immuno-Biological laboratories, Gunma, Japan) antibody, the reaction was examined using Western Blot Chemiluminescence Reagent (DuPont NEN, Boston, MA, USA). Immunoprecipitation and immunohistochemistry with antiRet antibody (Kato et al., 1999 (Kato et al., , 2000 or anti-S-100 protein (Iwamoto et al., 1991) were performed as described previously.
Preparation of mice
Previously, we established four transgenic mouse lines (line 192, line 242, line 304 and line 319) by introducing the RFP-RET oncogene, fused to the mouse metallothionein-l promoter-enhancer (Iwamoto et al., 1991; Kato et al., 1998b Kato et al., , 1999 for a broad spectrum of expression, which encodes an activated form of RET kinase. The genetic background of the original RFP-RET-transgenic mice was F1 of C57BL/6 and BALB/c strains (Iwamoto et al., 1991) . For most experiments, we used the transgenic mice of line 242 (the line in which melanosis only develops without tumor development) that had been backcrossed 4 ± 5 times with C57BL/6 mice (RFP-RET/B6-transgenic mice). Systematic severe skin melanosis developed in all of the RFP-RET/B6-transgenic mice. For some experiments, we also produced transgenic mice that had been backcrossed 4 ± 5 times with albino BALB/c mice (RFP-RET/BALB-transgenic mice). No skin melanosis developed in the RFP-RET/BALB-transgenic mice. In all experiments, the experimental transgenic group and non-transgenic control group both consisted of more than three mice. All mice were kept in a temperature-and humidity-controlled environment with a 12-h light-dark cycle in the Institute for Animal Research of Nagoya University.
